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Abstract-A  new  method is described for constructing  an AM mode- 
locked,  multiline  TEA COz laser  oscillator  generating  nanosecond 
pulses. The multiline behavior is achieved by spatial separation of the 
rotational transitions at the amplifying medium. The setup generates 
1.15 ns  pulses  with an energy of 3.7 mJ per pulse and containing 
simultaneously six rotational  transitions in the 10.6 pm P-branch. 
I 
INTRODUCTION 
MPORTANT considerations  for  producing  intense  short 
C 0 2  laser pulses are the energy-storage capability of an 
amplifier system and the short pulse energy extraction effi- 
ciency. With respect to  the storage capability  it is well-known 
that during the last decade the development of C 0 2  systems 
has  resulted in simple  homogeneous-discharge  systems with 
apertures up to several centimeters. Efficient energy extrac- 
tion of such systems  requires  not  only  the  saturation level of 
the incoming pulse, but also multiline oscdlation in case the 
pulse duration is smaller than the rotational-relaxation time. 
This is because only  the energy of rotational levels that  inter- 
act  directly  with  the laser pulse is extracted  from  the system. 
Thus, the extraction efficiency for such short pulses depends 
strongly on the multiline spectrum of the pulse. This is not 
the case for pulses that are long compared to  the  rotational- 
relaxation  time. 
The energy stored in the (001) vibrational state of COP is 
distributed over a large number of closely spaced rotational 
levels which  are  in  thermal  equilibrium  with  each  other. At a 
typical discharge gas temperature of about 400 K the dis- 
tribution has a maximum around the rotational state j = 19 
and  the energy from level j = 7 up t o j  = 3 1 represents  about 67 
percent  of  the  total  stored energy. So, if the  interacting pulse 
contains the main part of the distribution around its maxi- 
mum,  most  of  the  stored energy is  extracted.  In  the case that 
the pulse duration is at least equal to the  rotational-relaxation 
time,  the  nonstimulated  transitions will also transfer  their 
energy,  or a part  of  it,  to  the  stimulated ones. 
The number of lines that has to be stimulated for an effi- 
cient process depends, of course, on pulse duration and gas 
pressure. It is most advantageous to choose primarily the 
strongest transitions, not only because in that case the main 
part of the stored energy is stimulated, but also because ro- 
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tational  relaxations  are  not  restricted  to small Aj values. 
Relaxations with large Ai occur with substantial probability 
[ l]  , [Z] . The relaxation rates of the nonstimulated transi- 
tions increase proportionally to the  number of emptied  states, 
Le., stimulated states. Therefore, multiline stimulation does 
increase markedly  the  rate  at  which energy can  be  extracted. 
Besides the effeciency, the multiline content of the inter- 
acting short pulse is also important  for avoiding pulse broaden- 
ing during amplification. As a result of  this  relaxation  pump- 
ing by the  nonstimulated  transitions  the pulse tail is amplified. 
By this  process, the pulse broadens to a time  that  depends  on 
the  time  it  takes  to  extract all the  stored energy.  This is in  con- 
trast  to pulse sharpening that is expected if the main part  of 
the  stored energy is extracted  by  stimulation  [3]. 
In  the  past, several techniques have been described for  short- 
pulse multiline oscillation. One method is to employ transi- 
tion-selective reflectors such as etalons [4], [ 5 ]  or absorbers 
[6]  like SF6.  These techniques have in common  that  he 
losses of some oscillations with high gain have relatively in- 
creased, so that  competition  between  the  transitions  has 
changed in favor of the weaker ones. The gain-to-loss ratiois 
then  more  or less equal and for those oscillations there is no 
survival of the strongest. However, these techniques do not 
allow oscillation of a broad spectrum of lines. In fact, the 
number  of oscillating transitions is restricted  and widely 
spread. 
In the  present  work we will describe a technique  for gener- 
ating nanosecond pulses that provides a continuous range of 
oscillation transitions of the (00' 1-10'0) vibrational band. 
In  principle,  the  number of lines can be chosen as it  depends 
on pulse length  and gas pressure. In  the  experiments per- 
formed 1.1 5 ns pulses containing six strong  adjacent  rotational 
transitions were generated  in a C 0 2  TEA laser. 
TECHNICAL  APPROACH 
The main problem for obtaining multiline oscillation is the 
strong coupling between the lines by thermal collisions. At 
the  onset  of oscillation several lines start,  but as a consequence 
of this coupling there is a strong competition between the 
lines; in a normal system after some time s) the 
strongest line, P(20), will survive at  the expense of  the  other 
ones. 
This troublesome  competition can be  avoided by spatial 
separation of the lines. Therefore,  the  resonator  configuration 
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is chosen in such a way as to let  the various transitions have 
their  own specific  region of  interaction  with  the  medium  and 
further to let them coincide before leaving the cavity. This 
aim can  be achieved with a  double-grating configuration, 
containing  two parallel similar gratings [7] . 
However, such a system is not applicable to short-pulse 
generation  by  amplitude  mode  locking, as the  roundtrip  time 
of all transitions is different. We avoided this problem by 
using a configuration with only one grating as shown sche- 
matically in Fig. 1. Besides, this configuration has the ad- 
vantage of a more simple alignment procedure. Our system 
has  two sections: the  common  arm,  containing  the  mode 
locker,  and  the  arm  with angular dispersion.  The  mirror  at  the 
latter  section  has  its  center  of  curvature  on  the  grating, so that 
the optical path length of the system is wavelength-indepen- 
dent, provided that the dispersive behavior of the medium 
is neglected. 
Further, it is also necessary to  phase lock the transitions 
mutually. This is possible with active AM mode  locking since 
the pulse of each  line will always pass the  modulator  near  its 
minimum loss. Thus, near the outcoupling mirror the pulses 
will coincide  in space and  in  time. 
Moreover, the condition has to be fulfilled that the pulse 
trains of the oscillating  lines do have sufficient  overlap in 
time  for selecting a single multiline pulse by  means  of a fast 
shutter. This is especially  a problem  with fast  pulsed dis- 
charges due to gain variations of  the lines. The resulting 
spread of buildup times can be reduced by making the gain- 
to-loss ratio  of  the  distinct  lines  more  or less equal. 
For  the  fundamental  mode  the  beamwidth of an individual 
line as determined  by  an  aperture  in  the  common arm is about 
6 mm. If, for example, ten lines  are  selected, then in the 
dispersive arm, the total manifold of lines must be  spread 
over about 50 mm in order  to have sufficient separation. 
These separated lines must also experience minimum dis- 
turbance  from  the active medium because  in the  common  arm 
all lines must coincide.  This requires a homogeneously  excited 
system  with  an  aperture  of at  least 50 mm.  Fortunately, 
homogeneous single discharges with large aperture [8] have 
proven to  be reliable and applicable to  this  technique. 
EXPERIMENTAL DESCRIPTION 
Our experimental configuration as shown’in Fig. 1 has an 
optical  length  between  the  mirror M ,  and M2 of 375 cm, as 
dependent  on  the  modulation  frequency  of  40.028 MHz of  our 
mode  locker. As a result,  two pulses are traveling through  the 
cavity independently  of  one  another. Between the  mirrors  the 
grating with 75 l/mm  and a blaze angle of 23.86’ is placed at 
the  center  of  curvature of M ,  , as described,  in  such a  way that 
maximum angular dispersion (first order) is obtained. Since 
the experimental performances are influenced by  any slight 
disturbance, especially mechanical vibrations caused by the 
pulsed discharges, the experimental setup is mounted on a 
rigid optical  table.  In  the  chosen  configuration  the  TEA 
section, provided with Brewster NaCl windows,  cannot  disturb 
the optical alignment. The principle of the used TEA laser 
is described in [8]. It employs two identical uniform field 
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Fig. 1. Multiline  laser configuration. 
electrodes at a separation distance of 50 mm. The length of 
the electrodes is 400 mm. The mode locker is placed close 
to the  outcoupling  mirror.  Amplitude  modulation is ac- 
complished by means of periodic acoustic waves in  a  ger- 
manium crystal. A diaphragm is placed near the  mode  locker 
to select the  fundamental  mode. 
EXPERIMENTS 
In  the first experiments  the laser was operating  without 
the  additional  diffraction losses. In  this  configuration  the 
oscillation of eight adjacent  rotational  transitions was ob- 
served: P(14)-P(28). Each line has an overlap of about 10 
percent with its neighbors. The output-pulse shape for this 
case is shown in Fig. 2 (solid line). It is apparent from this 
figure that the distinct oscillations do not reach their peak 
intensity at the same time because the pulse length of an 
individual line is observed to be about 200 ns. This is due 
to the spread in  buildup  times as  a consequence  of  differences 
in  the gain of  the various rotational lines. 
The  time  delays  between  the lines  were measured  by  means 
of  two  photon-drag  detectors.  The  first  detector observes the 
leading edge of  the  total  pulse,  which is used  as a trigger signal. 
The  total  beam is further analysed by  the  monochromator, so 
that all lines are successively read out by the Tektronix R 
7912 transient digitizer. The  results  are averaged; they are 
shown  in Table I,  column A. 
It is concluded that only two or three lines oscillate simul- 
taneously. The difference in buildup times can be reduced 
by introducing additional diffraction losses for the various 
lines. Each line will then be independently controlled. The 
results are shown in column B of Table I. Again, the values 
are averages and taken relative to  P(20). The total jitter is 
80 ns. In this way six lines  are  oscillating simultaneously. 
The overall pulse shape corresponding to this configuration 
is shown in Fig. 2 (dashed line). The overall pulse length has 
to do with the mentioned jitter of line oscillations. If the 
“slow” lines P(26)  and P(28) are eliminated from  the  output 
pulse, its FWHM is approximately  320 ns. The  line  spectrum 
as observed by the monochromator is.shown in Fig. 3. This 
spectrum is obtained  by  continuously pulsing the  system  and 
turning  the  monochromator.  Each  line is resolved by  thirteen 
shots. Apart from the reduced time delays, we have the ad- 
ditional advantage that  the  line energies are now much more 
equal. The fact that the spectrum of Fig. 3 is not the result 
of a single shot or an averaged result indicates that the laser 
system  lias good  reproducibility. 
The  output consists of a train  of pulses of  which  one single 
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Fig. 2. Output-pulse  shape  (the  photon-drag  detector signal has passed 
a 20 MHZ low-pass  filter).  Solid line: no additional  diffraction losses 
in the cavity. FWHM = 790 ns. Dashed line: additional diffraction 
losses in  the cavity. FWHM = 330 ns. 
TABLE 1 
TIME  DIFFERENCE BETWEEN THE SPECTRAL LINES. A .  PI:LSE SHAPE 
AS I N  FIG. 2 (SOLID LIKE). B. PULSE  SHAPE AS I N  FIG. 2 (DASHED LISE). 
I . . . . . . ’ ” . ’ ” . “ ’  
10 nm/div. A -  
Fig. 3. Energy spectrum corresponding to the output pulse of Fig. 2 
(dashed  line),  showing  eight  transitions in the  P-branch of the 0001- 
10’0 transition. 
output pulse  has  a width of 1.1 5 ns  and  an energy of  approxi- 
mately 3.7 mJ. This measured pulsewidth of a  pulse con- 
taining six transitions has no significant difference with the 
pulse width consisting of only one transition. In principle, 
resonance dispersion will modify the group velocity of the 
pulses differently for each of the rotational lines. It depends 
on  the gain. If steady-state  conditions are applicable,  the 
gain is equal to the losses, which vary only  little  for  the 
various lines. The  difference in group velocity  results in a time 
delay between the pulses of the rotational lines. For steady 
state  these  time delays can  be calculated [9] and are found to 
be on the order of a few tenths of a nanosecond, which is 
apparently negligible. 
In principle, the  maximum  number  of oscillating lines 
depends on the width of the TEA section, the dispersion of 
the  grating,  and  the distance between  this grating and  the TEA 
section. To avoid strong line competition the lines do not 
need to be fully separated. We observed that in the case of 
about 50 percent overlap all the adjacent lines will oscillate, 
although their intensity distribution is quite different from 
what is observed for fully separated lines; especially around 
the strong P(20) the intensities of the neighboring lines are 
relatively small. Nevertheless, using a configuration with two 
gratings, we obtained a maximum of fourteen adjacent lines 
from P(6)  to P(32). In the  latter case, however, we could not 
use the  mode locker because of the differences  in optical 
path length; besides, independent controlling of the lines is 
impossible as a consequence  of  the large overlapping. 
CONCLUSIONS 
In this paper we decribed the mode locking of a pulsed 
muitiline C 0 2  oscillator with a continuous series of rotational 
lines in  the 10.6 Bm P-branch.  The  output consists of a train 
of 1.15 ns pulses containing up to six transitions. This tech- 
nique is very well suited for efficient energy extraction with 
nanosecond pulses from COP laser amplifiers. Furthermore, 
since any  combination of these transitions can easily be 
selected by placing diaphragms in the dispersed arm of the 
cavity, this laser is also very suitable to serve as a  master 
oscillator for  studying amplifying  characteristics as a function 
of the  rotational lines. 
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